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DNA double strand breaks (DSB) repair operates in homology-dependent and 
–independent ways. Major pathways include synthesis-dependent strand 
annealing (SDSA), double strand break repair (DSBR), single strand annealing 
(SSA) and non homologous end joining (NHEJ). Different genes are involved in 
each pathway and the output products are also different. To establish a single 
plasmid system for rapid assay of cellular activities for homologous 
recombination (HR) and NHEJ, a plasmid, pHR/EJ 3.2, was constructed. It 
contains two partial repeats of red fluorescent protein (RFP). The two partial 
repeats are separated by a cassette expressing green fluorescent protein (GFP). 
After HR, linearized plasmid will generate RFP in the cytoplasm. Plasmid 
products by NHEJ will give rise to GFP in the nucleus.  
His-tagged fusion protein Rad51 and Dmc1 were overexpressed in three medaka 
cell lines. Overexpressions were confirmed on mRNA level and protein level. 
Effects of Rad51 and Dmc1 were studied by overexpression in three cell lines 
followed by fluorescent cell counting and statistical analysis. Overexpressed 
Rad51 and Dmc1 proteins have similar effects on DSB repair. But differences 
between different cell lines were observed.  
Embryonic stem cell (ES) line is a unique cell line that can divide infinitely and 
differentiate into virtually all types of cells. Mechanism of differentiation is still 
largely unknown. Melanocytes are among the best studied cells in terms of lineage 
differentiation. Mitf, a gene that is necessary to direct ES cells into melanocytes, 
provides a good opportunity to study differentiation. But the co-transfection 
 vi 
 system was inefficient to enrich differentiating cells. A bicistronic plasmid was 
constructed that can direct ES cells to differentiate and confer drug resistance and 
GFP expression for screening. The plasmid was highly efficient and specific to 
enrich the differentiating transgenic cells. 
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 Chapter 1 Introduction 
1.1  Double strand breaks and DNA repair 
The integrity of DNA is critical for living organisms. Organisms are steadily 
exposed to agents that may cause DNA damages. There are various forms of 
DNA damage, such as base modifications, strand breaks, crosslinks and 
mismatches (Fleck and Nielsen, 2004). To tackle these potential threats 
various forms of DNA repair have been evolved. Major DNA repair pathways 
are mismatch repair, nucleotide excision repair, base excision repair.  
Double strand breaks (DSBs) are the most deleterious, as it disrupts both 
strands and the DNA fragment between the two disruption sites are lost. DSBs 
may arise due to various causes, both endogenous and exogenous. Exogenous 
causes include ionizing radiation, oxidative free radicals and a wide range of 
compounds. Endogenous DSBs are intermediates during mitotic and meiotic 
recombination, DNA replication, transposition of certain mobile elements, 
transduction, transformation and conjugation in bacteria, mating-type 
switching in yeast, and V(D)J recombination in the vertebrate immune system. 
The action of restriction endonucleases and topoisomerases also generates 
DSBs (H.Flores-Rozas, 2000; J.E.Haber, 1999; A.Pastink, 2001; A.Pastink, 
2001; A.Pastink, 1999; M.van den Bosch, 2002). Cumulated unrepaired DSBs 




Fig. 1 The general organization of the DNA-damage response pathway.  
The presence of DSBs is recognized by a sensor, which transmits the signal to a series of 
downstream effector molecules through a transduction cascade, to activate signaling 
mechanisms for cell-cycle arrest and induction of repair, or cell death if the damage is 
irreparable.(Khanna and Jackson, 2001) 
1.2 Models of DSB repair 
Based on the dependence of sequence homology during repairing, there are 
two major categories of DSB repair: homologous dependent repair (HDR), 
and non-homologous end joining (NHEJ). The HDR is interpreted by several 
models in different circumstances. Among these models, double strand break 
repair (DSBR) and synthesis dependent strand annealing (SDSA) are the two 
commonly accepted models that are considered error-free in terms of DSB 
repair. Another model of homology dependent repair is single stand annealing 
which occur only between direct repeats and will lose one copy of the direct 
repeats and sequences between the repeats. For the non-homology dependent 
repair, the NHEJ model is widely accepted. A brief illustration of the DSB 
repair models, DSBR, SDSA, single-strand annealing (SSA) and NHEJ, are 
shown in Fig. 2 and Fig. 3 
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Fig. 2 Models of conservative repair mechanisms: SDSA and DSBR.(Patrick Sung, 2005) 
 
                
 NHEJ 
SSA 
Fig. 3 Models of non-conservative repair mechanisms: SSA and NHEJ (Dudas and 
Chovanec, 2004).  
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 The three homology-dependent repair models are similar in terms of initial 
steps. After DSBs are formed, DSBs are resected by a nuclease to yield 3' 
single-strand overhangs (R.Kanaar, 1998), which are used by the 
recombination machinery to search for a homologous sequence. The similarity 
of the three models ends here. For the SDSA and DSBR, a DNA joint, called 
the D loop, is formed between one of the 3' overhangs and the homologous 
template to prime DNA synthesis (Wyman et al., 2004). The D loop can be 
resolved by at least two ways that are shown here. In the SDSA model, the 
invading strand dissociates from the D loop and then hybridizes to the other 3' 
single-strand overhang derived from the end-resection reaction. The ensuing 
gaps are filled by a DNA synthesis, followed by DNA ligation to complete the 
HR process (McVey et al., 2004). In the DNA DSB repair  model, capture of 
the other 3' single-strand overhang yields a pair of DNA crossover structures 
termed Holliday junctions (Scully et al., 2004). Depending on how the 
Holliday junctions are resolved, recombinants with a crossover or 
noncrossover configuration are formed. In both conservative HDR pathways, 
DNA synthesis in the D loop copies genetic information in the donor (red, Fig 
2.) chromatid, which results in gene conversion if the donor represents a 
different allele of the gene. In the SSA model, after the 3’ single-strand 
overhangs which contains the direct repeat (direct repeats are identical or 
closely related sequences present in two or more copies in the same orientation 
in the same molecule of DNA; they are not necessarily adjacent to each other 
(Benjamin Lewin, 2004) (green, Fig. 3)) are generated, they are then aligned 
by the repeat sequences and the intervening sequences as well as protruding 3′ 
ends are removed, the gap will then be filled by DNA synthesis and ligation 
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 (Griffin and Thacker, 2004).  
In the NHEJ model, it seems to be a bit simpler. Following DSB formation, 
broken DNA ends are processed to yield appropriate substrates for direct 
ligation. Little or no homology is required for DSB repair by non-homologous 
end-joining. Breaks can be joined accurately, but more often, small insertions 
or deletions are created (Dudas and Chovanec, 2004).   
These models were constructed to interpret different DSB repair events in 
various organisms, cell types and cell cycles. Homology-dependent repair is 
predominant in prokaryotes and lower eukaryotes in which NHEJ seems only 
to be a backup system (Krogh and Symington, 2004). Conversely, in somatic 
cells of higher eukaryotes, NHEJ is of prime importance and SDSA and DSBR 
are rare events. In stem cells and germ cells of higher eukaryotes, 
homology-dependent repair efficiency is significant higher than in somatic 
cells. In lymphocytes differentiation to generate antigen receptor genes, the 
V(D)J recombination relies solely on NHEJ (Lee et al., 2004). In mitosis, 
SDSA seems to be a better model to account for the lower crossing over 
frequency, whereas in meiosis DSBR suits best (Krogh and Symington, 2004). 
As HDR requires homologous sequence as template, it appears to be more 
frequent in the presence of sister chromatids in S and G2 stages (Haber, 2000), 
whereas NHEJ seems to be more active in G1 and early S stages (Lee et al., 
1997; Kristoffer V. and Povirk LF., 2003). Recombinations between direct 
repeats are predominantly happened through the SSA pathway(Lambert et al., 
1999) , whereas between inverted repeats only the two gene conversion 
models are possible.  
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 1.3 Pathways and genes involved in DSB repair 
The models mentioned above are constructed based on numerous studies and 
observation of repair product, genes and pathways involved in DSB repair. But 
what direct a DSB repair to a particular repair pathway and model still remains 
quite mysterious. Knowledge on the genes and pathways involved in DSB 
repair is a prerequisite to the answer of this question.  
The first step in DSB repair is sometimes the formation of DSB in a 
programmed way. This is especially true in meiosis. A key component for DSB 
formation in all known organisms is Spo11, a protein that cleaves the 
chromosomal DNA at many sites (Sauvageau et al., 2004). In yeast, Spo11 
protein initiates meiotic recombination by forming hundreds of DSBs in 
genome (Keeney S., 2001). Also some other genes, MEI4, MER2/REC107, 
REC102, REC103/SKI8, REC104, REC114, MRE11, RAD50, and XRS2, are 
required to form a DSB during meiosis. In lymphocyte antigen gene 
generation, the DSB is formed by RAG-1 and RAG-2 protein, which will 
trigger the V(D)J recombination (Lee et al., 2004; Mills, 2003). In mitotic 
recombination, the DSB is believed to be formed by an unprogrammed way. 
Less is known about the relative contribution of NHEJ and HR to the repair of 
DNA damage that is not genetically programmed (Couedel et al., 2004). 
In DSB repairs, after the DSBs are formed, then it follows with 3’ end 
processing. This step requires a three-component complex, 
Mre11/Rad50/Xrs2 (MRX) in yeast or MRE11/RAD50/NBS1 (MRN) in 
vertebrates. There are evidences shows that MRX complex play a role in both 
mitosis and meiosis in budding yeast (Krogh and Symington, 2004). Mre11 
seems to be the enzyme that catalyzes the 5’-3’ exonucleolysis. Juxtaposition 
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 of DNA ends may be one of the important functions of MRX in NHEJ (Krogh 
and Symington, 2004).  
After the 3’ single stranded DNA (ssDNA) tail is resected, the proteins of the 
RAD52 epistasis group include the RAD51, RAD52, RAD54, RAD55 and 
RAD57 genes are involved in the search for the homologous intact duplex, 
DNA pairing and strand exchange (Baumann and West, 1998). Among these 
proteins, RAD51 is the central player. RAD51 is a homolog of E.coli RecA in 
eukaryotes. Medaka Rad51 gene encodes a protein of 341 amino acids. The 
DNA sequence shares high homology to that of human (91.2%), mouse 
(90.9%) zebrafish (95.6) and etc. (Wang, 2004). Rad51 forms right-handed 
helical filaments on double-stranded DNA with structural similarity to those 
formed by RecA (Symington, 2002) In the presence of RPA, a replication 
protein that binds to ssDNA, RAD51 is able to form filaments with ssDNA 
(Mcllwraith, 2000). Upon binding, the search for homology sequences will be 
initiated. Once homology is found, strand exchange catalyzed by RAD51 
occurs between the two aligned molecules. RPA can greatly enhance the strand 
exchange activity of RAD51 (Symington, 2002). But RPA has a much higher 
affinity than Rad51, in vitro studies showed that RPA will compete and hence 
inhibit RAD51 to binding to ssDNA (Shinohara et al., 1998; Sugiyama and 
Kowalczykowski, 2002). So mediators are essential for RAD51 for binding in 
vivo in presence of RPA. RAD52, RAD55, RAD57 and RAD54 act as 
mediators by allowing RAD51 to nucleate ssDNA in presence of RPA 
(Symington, 2002) as shown in Fig. 4. The central role of RAD51 in SDSA 
and DSBR can be illustrated in Fig. 5. 
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Fig. 4 Model for strand invasion by RAD51 and mediator proteins in yeast.  
1) 3’end is processed by MRX complex. 2) RPA binds on ssDNA tail to eliminate 
secondary structure. 3) RAD52 directs RAD51 to the RPA binding ssDNA tail. 4) Mediated 
by RAD55 and RAD57, RPA is displaced by RAD51 nucleoprotein filament. 5) RAD51 
nucleoprotein filament locates a homology. 6) RAD54 promotes DNA unwinding and 
strands annealing.  
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Fig. 5 Protein interaction network of proteins known to involve in HR.  
A) mitosis, B) meiosis. 
 
In meiosis, Dmc1, another E.coli RecA homolog is identified. Dmc1 is 
expressed exclusively in meiosis and play important role in meiosis 
recombination. Medaka Dmc1 gene encodes a protein of 342 amino acids. The 
sequence is 88.3% identical with mouse and 87.4% with human (Wang, 2004). 
Genetic studies have established that both Dmc1 and Rad51 can promote 
meiotic recombination in the absence of the other but also cooperate during a 
large fraction of recombination events. Dmc1 and Rad51 co-localize to a high 
degree at the time when meiotic recombination occurs in budding yeast, plants 
and mammals (Bishop, 1994; Tarsounas et al., 1999) Though thought to be an 
 9 
 inefficient recombinase, Dmc1 was revealed by Sehorn et al. (2004) to possess 
high activity in pairing ATP-dependent DNA-strand exchange with the 
presence of RPA. The structure of Rad51 and Dmc1 nucleoprotein filament are 
shown in Fig. 6.  
        
Fig. 6 Electron microscopic visualization of fission yeast Rad51 and Dmc1.  
(A) Electron micrograph indicating the binding of Rad51 (0.6 μM) to a linear duplex (5 
μM) containing a single-stranded tail. The bound ssDNA tail is indicated by the white 
arrow, while the black arrow indicates unbound double stranded DNA (dsDNA). (B) 
Enlargement of a typical Rad51 ring. (C) Electron microscopic visualization of Rad51 
(1.65 μM) bound to _X174 ssDNA (5 μM). (D) Electron micrograph of Dmc1 (2 μM) 
bound to a linear duplex with a single-stranded tail at both ends (5 μM). The white 
arrows indicate two short helical regions on ssDNA. (E) Magnification of a 
characteristic Dmc1 ring. (F) Longer helical filaments formed by Dmc1 (2 μM) on 
tailed DNA (5 μM) and single-strand DNA (insert). (G) Electron microscopic 
visualization of Dmc1 (10 μM) bound to pPB4.3 ssDNA (5 μM). A region of stacked 
rings is indicated by the black arrow. (H) Close-up view of a human Dmc1-dsDNA 
complex consisting of a series of stacked rings as a comparison. The magnification 
bars represent 50 nm(Sauvageau et al., 2005). 
 
Followed by the strand invasion and exchange, a Holliday junction is formed. 
Genes like Mus81, Mms4 and Resolvase A are thought to participate.  
For NHEJ, the core player is DNA-dependent protein kinase complex 
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 (DNA-PK) which comprises Ku heterodimer and DNA-PK catalytic subunit 
(DNA-PKcs), and the DNA ligase IV/XRCC4 complex(Krogh and Symington, 
2004). A scheme in Fig. 7. illustrates the procedure of NHEJ. 
 
Fig. 7 Scheme for DSB repair by NHEJ pathway. (Krogh and Symington, 2004a) 
Shown above are some of the genes involved in DSB repair. Among them Rad51 is 
arguably the most intensively studied, so is the DSBR pathway. The requisite of a second 
RecA homolog in meiosis, Dmc1, is still largely mystery. Such pathway like SSA though 
seems to be simple is poorly studied. Still much is unknown about how the choice among 
the DSB repair pathways is made, in what extend the pathways are related. 
1.4 Medaka as a model organism 
Medaka, Oryzias latipes is a laboratory fish. Genetic analysis of medaka dates 
back to 1921. The medaka genome is estimated to be 800Mb, equivalent to 
one-quarter of the human genome and one half of the zebrafish genome (Table 
1). This small genomic size makes medaka a convenient model for genomics 
and genetics studies. The Medaka Genome Sequencing Project has started in 
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 mid 2002, with a current status of draft assembly covering 91-99% of the 
genome (http://dolphin.lab.nig.ac.jp/medaka).  
 
 
Fig. 8 Evolutionary relationships between fish models.  
This evolutionary tree illustrates that the last common ancestor of medaka and zebrafish 
lived more than 110 million years ago. Notably, medaka is a much closer relative to fugu 
than it is to zebrafish, or than zebrafish is to fugu (Wittbrodt et al., 2002). 
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 Table 1 Biological characteristics and availability of experimental tools in 
three teleost species. (Ishikawa, 2000).  
Biological Characteristics Zebrafish Medaka Pufferfish 
Genome size (Mb) 1700 800 400 
Chromosome number of 2n 50  48  -  
Sex determination -  XY type  - 
Life cycle 3 months  3 months -  
Outdoor breeding No Yes  Yes 
Crossing in lab Yes  Yes  No 
Linkage map Yes  Yes  No  
Information on sequenced 
genes, mapped genes and 
DNA markers 
Much  Much Much 
Genetic information on 
wild populations 
None Good  None  
The number of inbred 
strains 
0  Many  0  
Cryopreservation of 
spermatozo 
Yes Yes No 
Transgenic fish Yes  Yes  No  
Chimeric fish Yes  Yes  No  
Gynogenesis Yes  Yes  No  
ES-like cells No  Yes  No  
Active transposable 
elements 
No Yes  No  
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 Medaka is a useful animal model to study cancer, ageing, and stem cell biology. 
It is a small (3cm to 4cm) egg-laying freshwater fish. It has a short generation 
time of 2 to3 months, and a short life-span of 2 years. Being an oviparous fish 
that has a large capacity to reproduce transparent eggs daily (30 to 50 eggs per 
day) that in turn develop synchronously, the eggs can be staged under 
dissecting microscope to study early developmental process, fertilization and 
embryology. Medaka is a hardy and able to withstand a wide range of salinity 
and temperature (Ijiri, 1995). Tolerable temperature ranges from as low as 1
℃ to 38℃, the optimum temperature for breeding is between 25℃to 28℃, 
and if maintained at this temperature, spawning can be induced simply by the 
light cycles (12hr light and 12hr dark). Female medaka responds to male’s 
mating behavior to induce spawning, thus sterile males can be used to obtain 
unfertilized oocytes, and if the oocytes are maintained in a physiological 
solution, in vitro fertilization can be carried out. In addition, early embryos can 
be maintained at temperatures as low as 4℃ to slow down their development 
for up to 3months. This is useful for transplantation and microinjection 
experiments. Sperm can also be stored for stock preservation. With the ease of 
breeding and low susceptibility to common fish diseases, the maintenance of 
the medaka is easy, cheap and not space consuming, making medaka an ideal 
animal model source for carrying out research experiments. Large 
scale-mutagenesis screen is in progress. The major features and evolutionary 
relationships of common fish models (medaka, zebrafish and fugu) are 
compared in Fig. 8 and Table 1, respectively.  
Medaka fish are an established non-mammalian research model for the study 
of liver cancers, due to its extreme sensitivity to many hepatocarcinogens, 
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 rapid tumor formation, low spontaneous tumor rate, and the low cost of 
maintaining large number of individuals make medaka valuable adjuncts for 
determining the potential hepatocarcinogenicity of chemicals (Okihiro and 
Hinton, 1999). 
Besides these, there are some even more intriguing features and advances in 
medaka fish. Firstly, medaka ES (MES) cell-line has been established which 
will be addressed in a latter part (Hong et al., 1998). Secondly, the see-through 
medaka model with transparent body through out adult life (Wakamatsu et al., 
2001) (Fig. 9, A), this will allow noninvasive studies of morphological and 
molecular events that occur in internal organs in the later stages of life. The 
newest advancement is the establishment of a normal medaka fish 
spermatogonial cell line (SG3) capable of sperm production in vitro (Hong et 
al., 2004) (Fig. 9, B). For the first time, analysis of spermatogenesis in vitro 
became possible. These features together make the medaka fish an excellent 
model organism adopted by many labs including ours. 
 
  
Fig. 9 The intriguing advancement of medaka fish.  




 1.5 Embryonic stem cells in medaka 
Embryonic stem (ES) cell lines are undifferentiated long-term cell cultures 
derived from early developing embryos of animals (Evans and Kaufman, 
1981). They can retain their ability to differentiate into various types of cells 
even after long term in vitro culture(Hong et al., 1996). These unique abilities 
make ES cell line an invaluable tool in several ways. ES cell line is a very good 
model to study genes in early development stages. It can provide an insight 
into cell cycle regulation pathways. At the first time it enables researchers to 
manipulate organism’s genome accurately by means of gene targeting. Also 
ES cell line is very promising in future cell therapy (Templeton et al., 1997).  
Powerful as it is, germline-competent ES cell line is still restricted to certain 
strains of mouse (Hong et al., 1998). Numerous efforts were taken to produce 
ES cell line in other species. Among those studies, Hong developed 
successfully an ES cell line in medaka fish (Hong et al., 1996). This ES cell 
line, though yet to be proved to be germline-competent, shares virtually all the 
characteristics of mouse ES cell lines (Hong et al., 1998). After long term 
culture and cryopresevation, it still retains normal karyotype, it shows strong 
alkaline phosphatase activity, it expresses ES cell line specific markers like 
Oct4, more importantly it showed its pluripotency both in vitro and in vivo 
(Hong et al., 1998). This medaka ES cell line enables our lab to carry out 
studies on in vitro differentiation, gene targeting and mechanisms of HR.  
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 1.6 Melanocytes and Mitf  
Melanocytes are derived from the neural crest, a transient cell population that 
arises from the dorsal part of the neural tube. After the precursors of 
melanocytes, the unpigmented melanoblasts, arise from the neural crest, they 
migrate to their eventual location where they differentiate into melanocytes 
(Bennett, 1993). Melanocytes are dendritic pigment-producing cells that 
populate several different organs of the vertebrate body, including hair 
follicles, the epidermis, the inner ear, the choroids of the eye, and the 
Harderian gland. There are already large amount of functional genetic data on 
melanocyte lineage which made melanocyte a good candidate for study of 
gene expression and signal transduction pathways governs the development of 
a specific cell lineage (Goding, 2000). 
 
Fig. 10 Illustration of Mitf protein and posttranscriptional modification sites. 
One of the most important genes that regulate melanocytes development is the 
microphthalmia transcription factor (Mitf). Mitf encodes a member of the Myc 
supergene family of basic helix-loop-helix zipper (bHLH-Zip) transcription 
factors. Like Myc, Mitf regulates gene expression by binding to DNA as a 
homodimer or as a heterodimer with another related family member 
(Steingrimsson et al., 2004). It shares the characteristic of the supergene 
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 family with a basic domain that is used for DNA binding and HLH and Zip 
domains that are used for homo- and/or heterodimer formation (Fig. 10). The 
Mitf gene is conserved in all vertebrate species investigated to date, including 
mouse, rat, hamster, quail, chicken, and human (Tachibana, 2000) and also 
found in various fish species including zebrafish, Xiphophorus and pufferfish. 
The gene structure, the intron and exon organization, of Mitf has also been 
well studied. Mouse Mitf gene structure is shown in Fig. 11, there are seven 
different promoters that will generate several different transcripts plus 
different splicing products. The different Mitf promoters are regulated in a 
cell-specific manner (Steingrimsson et al., 2004). Among these different 
promoter usages and alternative splicings, the Mitf-m promoter is believed to 
be activated and subsequently the M-isoform was shown to be exclusively 





Fig. 11 Gene structure and isoforms of mouse Mitf. 
A. Gene structure of Mitf gene. B. Different isoforms of Mitf gene. 
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 Not only the sequence and structure of the gene is highly conserved, the 
function of the gene product is also proved to be conserved (Steingrimsson et 
al., 2004). Mitf is believed to be a melanocyte determinant. Evidence include 
transdifferentiation from chicken neuralretinal cells to pigmented cells by 
transfection of mouse Mitf cDNA (Planque et al., 1999). Other evidence 
include rescue of Mitf homozygote mutant zebrafish by microinjection of 
wildtype Mitf gene into early embryo and induce expression by heat shock 
promoter (Lister et al., 1999). And most convincingly direct medaka ES cell 
line to differentiate into melanocyte by transient transfection of 
melanocyte-specific iosform of Mitf (Bejar et al., 2003). 
1.7 Directed differentiation of melanocytes 
from medaka ES cell 
As stated earlier, one of the most striking properties of ES cells is the ability to 
differentiate into virtually all cell types. This property makes ES cells a very 
good platform to study cell lineage determination and regulation through in 
vitro differentiation. To date, most in vitro differentiation methods use 
embryoid bodies as intermediates (Bejar et al., 2003). This approach generally 
produces heterogeneous cell population which was far less desirable than 
single cell lineage. Bejar et al. (2003) succeeded to differentiate medaka ES 
cells exclusively into melanocytes. By transiently transfected the ES cell line 
with M-iosform of Xiphophorus Mitf gene, they were able to differentiate the 
medaka ES cell line into melanocytes. That proceeding provided a very good 
example of directed differentiation of ES cell line. It also could be helpful in 
illustrating mechanism of ES cell differentiation and melanogenesis pathway 
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 in that it makes a homogeneous differentiating cell population possible. To get 
a homogeneous differentiating cell population, a proper selection marker is 
required. In their works, they used a co-transfection system including a GFP 
and drug resistance fusion protein expression plasmid and the Mitf expression 
vector as a means to enrich the differentiating cells. But obviously, as a 
co-transfection system, it is unable to get a homogeneous cell population. To 
tackle this problem and try to achieve a rather homogeneous cell pool, a 
bicistronic expression vector to introduce Mitf and the selection marker 
simultaneously is required.  
  
1.8 Goals 
1. To construct a single plasmid system to study cellular activity in DSB repair. 
2. To study activity of Rad51 and Dmc1 in DSB repair utilizing the single 
plasmid system. 
3. To construct a bicistronic plasmid that can be used to enrich transgenic, 
directed differentiating medaka ES cell. 
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 Chapter 2: Materials and Methods 
2.1. MATERIALS 
2.1.1. Experimental animals 
Medaka (Oryzias latipes) belongs to the family of Cyprinidontidae of the 
order Cyprinidotiformes. Medaka is of prime interest and the major model 
organism of our lab. Fishes are maintained in household aquarium. Medaka 
was used to isolate tissues for western blotting. 
2.1.2. Cell lines 
For transient gene transfer and expression, the following cell lines were used: 
MES1  (Medaka Embryonic Stem cell) cell line was derived from blastula 
stage of medaka embryos and established by Hong (Hong et al., 1998). Cell 
line was verified by various methods to be an ES cell line of Medaka. 
 SG3 (Medaka Spermatogonia) cell line was derived from Medaka testis cell 
culture by Hong (Hong et al., 2004). Cell line was identified by various 
methods to be a spermatogonia cell line of Medaka. 
SOK1 (Medaka) cell line was derived from Medaka testis cell culture. Cell 
line was identified as a Sertoli cell line (unpublished data). 
Culture conditions for all these cell lines are the same, using ESM4 medium, at 
28℃, without CO2. 
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 2.1.3. Bacteria 
Bacteria used including DH5α and JM109.  
DH5　 
Genotype: F-φ80dlacZΔM15 Δ(lacZYA-argF)U169 deoR, recA1 endA1 
hsdR17(rk- mk+ phoA supE44 λ- thi-1 gyrA96 relA1 
JM109 
Genotype: F`traD36 lacIq Δ(lacZ)M15 pro A+ B+ / e14- (McrA - ) 
Δ(lac-proAB)thi gyrA96 (NaIr )endA1 hsdR17(rk- mk+ )reIA1 supE44 recA1  
  
2.1.4. Enzymes  
The restriction enzymes were purchased from Promega, Fermentas and New 
England Biolabs.  
2.1.5. Antibodies 
Antibodies were used for western blotting.  
Primary antibodies:  
Anti-Rad51 and anti-DMC1 polyclonal antibodies, which were produced in 
rabbit by Wang (Wang, 2004).  
Mouse anti-6×His tag monoclonal antibody was purchased from Clontech.  
Secondary antibodies:  
Goat-anti-rabbit-AP and goat-anti-mouse-AP were purchased from Sigma. 
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 2.1.6. Oligo nucleotides 
Oligo nucleotides were designed with Vector NTI and purchased from Proligo 
and First Base. 






























Plasmid pCVpr expresses the puromycin acetyltransferase (pac) are fused to 
the RFP (Zhao & Hong, unpublished) in the backbone pDsRed-N1 (Clontech). 
Plasmid pEGFP-C2-lap2-503-657 contains an open reading frame of fusion 
protein of enhanced GFP and zebrafish lap2 driven by CMV promoter (Schoft, 
et al., 2003) 
pSTneo contains a SVTK (ST) promoter ahead of the neo gene. This plasmid 
served as a source of the ST promoter. 
pIRES2-EGFP (Clontech) was used as backbone for eukaryotic expression 
plasmid. 
2.2. Methods 
2.2.1. Molecular Cloning 
2.2.1.1. RNA Isolation 
Total RNA from organs (e.g. ovary, testis, liver) from the medaka were 
isolated. Tissue samples from various organs (50-100 mg) were homogenized 
with 1 ml of Trizol Reagent (Invitrogen) in 1.5 ml Eppendorf tubes. Samples 
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 from cell culture were lysed directly in the culture dish by adding 1 ml of 
Trizol Reagent and the cell lysate was passed through a pipette several times 
before transferring the mixture into the Eppendorf tubes. The homogenized 
samples were incubated at 15 to 30°C for 5 min to allow the dissociation of 
nucleoprotein complexes. 0.2 ml of chloroform was added per 1 ml of Reagent. 
The tubes were capped and shaked vigorously for 15 sec and further incubated 
at 15 to 30°C for 3 min. The samples were centrifuged at no more than 12,000 
x g for 15 min at 2 to 8°C and the mixture got separated into a phenol 
interphase and an aqueous phase. The aqueous phase was transferred to a new 
tube, and 0.5 ml of isopropyl alcohol was added per 1 ml of Trizol Reagent to 
precipitate the RNA. The samples were incubated at 15 to 30°C for 10 min and 
then centrifuged at no more than 12,000 x g for 10 min at 2 to 8°C. After 
centrifugation, the supernatant was removed and the pellet was washed once 
with 75% ethanol, adding at least 1 ml of 75% ethanol with 1 ml of Trizol 
Reagent used for the initial homogenization. The mixture was vortexed and 
centrifuged at no more than 7,500 x g for 5 min at 2 to 8°C. The ethanol was 
removed, and the RNA pellet was air-dry for 15 min. The RNA was dissolved 
in RNase-free water by passing the solution a few times through a pipette tip 
and was incubated at 60°C for 10 min. The RNA samples were stored at -70°C. 
2.2.1.2. cDNA synthesis 
Total RNA isolated from tissues and cell lines were used to synthesize first 
strand cDNA and then served as template for PCR amplifications. cDNA 
synthesis was carried out with Moloney Murine Leukemia Virus Reverse 
Transcriptase (M-MLV RT, Promega) and 18-mer oligo dT. 
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 Total RNA was first checked on quality by agarose gel electrophoresis and 
then on quantity by spectrophotometers.  
Before cDNA synthesis, RNA samples were treated by RNase-free DNase 
following the manufacturer’s protocol to eliminate any possible genomic or 
transfected DNA contaminations. 
In a sterile RNase-free tube, add 0.5 μg oligo dT and about 2 μg RNA sample. 
Heat the tube to 70℃ for 5 minutes then put on ice immediately to melt any 
possible secondary structure in sample that may hinder the progression of 
reverse transcriptase.  
Add the following components in to order shown. 
M-MLV 5× Reaction buffer 5ul 
dNTP mixture (10mM) 1.25ul 
M-MLV RT 200 units 
Nuclease-free water to final volume 25ul 
Mix gently and incubate for 60 minutes at 42℃. Dilute with 30ul nuclease-free 
water and take 1ul for template in PCR reactions. 
2.2.1.3. Polymerase Chain Reaction 
Polymerase Chain Reaction (PCR) was performed to amplify a specific DNA 
fragment using Taq polymerase (Fermentas) with two specific primers in a 
thermocycler. PCR was performed following general protocols in 25ul for 
detection and 100ul for scaling up. Normal reactions were carried out as: 
Reaction mixture:  
 16.7 μl PCR-Grade water 
 2.5 μl 10x PCR Buffer with (NH4)2SO4 
 2 μl MgCl2 (25 mM) 
 1 μl dNTP Mix (2.5 mM) 
 1 μl DNA (10ng) 
 0.5 μl Primer1 (10 mM) 
 0.5 μl Primer2 (10 mM) 
 0.3 μl Taq DNA polymerase (Fermentas) 
 
 26 
 PCR was run for 25 to 40 cycles at 95°C for 20 sec, 50 to 60°C for 20 sec and 
72°C for 60 sec. 
Reagents and enzymes needed were purchased from Fermentas. 
Thermocyclers were purchase from (Applied Biosystem).  
2.2.1.4. Agarose gel electrophoresis 
Agarose gel electrophoresis was used to separate and detect differentially 
molecular weighted DNA and RNA fragments. Nucleotide fragments were 
separated by molecular filtering effect and visualized upon binding with 
ethidium bromide (EB) under UV light. According to molecular size of DNA 
fragments to be separated, agarose concentration may vary from 0.7%-2.0%. 
1×TAE was used as electrophoresis buffer. Equipments used were 
ReadyAgaroseTM Precast Gel System (Bio-Rad). DNA ladder (Promega, 
Fermentas) was added for estimating the molecular size of PCR products. 
50×TAE 2M Tris-acetic acid 
 10mM EDTA (pH8.0) 
6×gel loading buffer 0.25 (w/v) Bromophenol blue 
 0.25 (w/v) Xylene cyanol 
 30% glycerol 
2.2.1.5. Recovery of DNA fragments from agarose gel 
After electrophoresis desired gel band was excised, placed in 1.5 ml 
Eppendorf tube and the weight was determined. Gel purification was 
performed using UltracleanTM 15 DNA purification kit (Mobio). 3 volumes of 
ULTRA SALTTM was added into the gel and incubated at 55°C for 5 min. The 
tube was mixed and shaked thoroughly to ensure complete melting. 
ULTRABINDTM was resuspended by vortexing at highest speed for 1 min to 
ensure thorough mixing since ULTRABINDTM is a mixture of 50:50 pure silica 
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 and buffer. 4 μl of ULTRABINDTM was added. Following incubation for 5 min 
with constant inversion to allow DNA binding to silica, the mixture was 
centrifuged for 5 sec. The pellet was resuspended with 1 ml of ULTRA 
WASHTM by vortexing for 5-10 sec. The mixture was centrifuged and the 
supernatant was discarded. The mixture was centrifuged again and all traces of 
ULTRA WASHTM were removed by aspirating with a narrow pipet tip. The 
pellet was resuspended in water with 10 μl of water and mixed thoroughly by 
pipetting. The mixture was incubated for 5 min at room temperature, followed 
by centrifugation for 1 min. The supernatant was removed immediately and 
transferred to a new tube, ready to be used and stored at 4°C.  
2.2.1.6. Ligation of DNA fragment into PGEM-vector 
After recovery of DNA fragment by gel extraction, the PCR products were 
ligated into pGEM-T Easy Vector (Promega) for cloning and sequencing. The 
pGEM-T Easy Vector multiple cloning sites is flanked by recognition sites for 
the restriction enzyme EcoR1 which allows single enzyme digestion for the 
release of insert. The pGEM-T Easy Vector was centrifuged briefly to collect 
the contents at the bottom of the tube. The ligation reaction mixture was set up 
as follows:  
5 μl 2x Rapid Ligation Buffer 
1 μl pGEM-T Easy Vector (50 ng) 
3 μl    DNA fragment 
1 μl T4 DNA Ligase (3 Weiss units/μl) 
The reaction was mixed by pipetting and incubated overnight at 4°C. 
Generally, incubation overnight at 4°C will produce the maximum number of 
transformants. 
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 2.2.1.7. E.coli transformation 
Transformation is a procedure to introduce circular plasmids into bacteria for 
the purpose of amplification. The tubes containing the ligation reaction were 
centrifuged to collect contents at the bottom of the tube. 2 μl of ligation 
reaction was transferred to a 1.5-ml microcentrifuge tube on ice. Competent 
cells from -80°C storage were thawed in an ice bath for about 5 min and the 
content of the tubes were mixed gently by flicking. 50 μl of competent cells 
were added to the respective ligation reaction and the mixture were flicked 
gently and placed on ice for 30 min. The cells were then heat shocked for 1 
min in a water bath at 42°C, and the tubes were immediately returned to the ice 
for 2 min. 800 μl of Luria-Bertani (LB) medium was added to the tubes 
containing the cells transformed with ligation mixture and incubated in orbital 
shaker at approximately 200rpm for 1.5 h at 37°C. During the incubation 
period, 30 μl of Xgal and 10 μl of IPTG were added to LB ampicillin agar plate 
for blue-white selection if applicable. After 1.5 h, the cells were pelleted at 
5,000 rpm for 1 min, resuspended in 100 μl of LB medium and the mixture was 
plated. The plates were incubated overnight at 37°C. 
    After 37°C overnight incubation, the LB plates were stored at 4°C for 30 
min to facilitate blue-white screening if applicable. Colonies were picked and 







 LB medium (20g/l) 10 g Tryptone 
 5 g Yeast extract 
 5 g NaCl 
LB agar powder (40g/l) 10 g Tryptone 
 5 g Yeast extract 
 10 g NaCl 
 15 g Agar 
IPTG (20% w/v) 0.8 M Isopropylthio-β-D-galactoside  
x-gal solution (2% w/v) 20 mg/ml 5-bromo-4-chloro-3-idoldyl-β-
D-galactoside (x-gal) 
2.2.1.8. Plasmid DNA isolation and test digestion 
Mini-preps were performed using QIAprep Spin Miniprep Kit (QIAGEN) for 
the purification of plasmid DNA. Bacterial cells were pelleted at 5000 rpm for 
1 min and the pelleted cells were resuspended in 250 μl Buffer P1 (RNase was 
added to Buffer P1 prior use). 250 μl of Buffer P2 was added and the tubes 
were gently inverted for 4-6 times to mix. 350 μl of Buffer P3 was 
immediately added and the tubes were again inverted 4-6 times. The tubes 
were then centrifuged for 10 min at 14,000 rpm in a table-top microcentrifuge. 
The supernatant was transferred to the QIAprep spin columns and centrifuged 
for 1 min at 14,000 rpm. The flow-through was discarded, and the QIAprep 
spin columns were washed by adding 0.5 ml Buffer PB and centrifuged for 1 
min at 14,000 rpm. The flow through was again discarded, and the QIAprep 
spin columns were washed by adding 0.5 ml Buffer PE and centrifuged for 1 
min at 14,000 rpm. The flow-through was discarded, and centrifuged for an 
additional 1 min to remove residual wash buffer. This step is important as 
residual ethanol from Buffer PE might inhibit enzymatic reactions. The 
QIAprep columns were then placed in clean 1.5 ml centrifuge tubes. 30 μl of 
Buffer EB was added to the centre of each QIAprep Spin column, and 
centrifuged for 1 min to elute the DNA.  
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 2.2.1.9. Digestion of DNA with restriction endonuclease 
Plasmid DNA was incubated with 2-5U restriction enzyme(s)/μg DNA in a 
total volume of 20ul containing 1×restriction buffer at 37℃ for 1-2 hours. 
 
Reaction mixture:  
 2 μl Plasmid DNA 
 1 μl Buffer (Promega) 
 0.5 μl Restriction enzyme (Promega) 
 16.5 ul H2O 
 
2.2.1.10. DNA sequencing and analyses 
Upon confirmation of positive inserts by test digestion, DNA sequencing was 
performed using Big Dye Terminators v3.1 Cycle Sequencing Kit (ABI 
PRISM). The total sequencing reaction (5 μl) was: 2 μl DNA template (> 
10ng), 1 μl primer (3.2 pmol), 2 μl Big Dye (v3.1). The PCR cycling condition 
was: 94°C for 10 s, 50°C for 5 s and 60°C for 2 min. The product was purified 
with 20 μl ethanol/sodium acetate solution from a stock solution consisting of 
3 μl of 3M sodium acetate (pH 4.6), 62.5 μl of non-denatured 95% ethanol and 
14.5 μl of deionized water. The tubes were vortexed briefly and left at room 
temperature for 15 min to precipitate the extension products. The tubes were 
centrifuged at maximum speed for 20 min and the supernatants were removed 
immediately as dissolved unincorporated dye terminators would affect 
sequencing reactions. 500 μl of 70% alcohol was added to the tubes and mixed 
briefly. The tubes were placed in the microcentrifuge in the same orientation 
and spun for 5 min at maximum speed. This step was repeated once more to 
ensure complete purification. After the second wash, the supernatant was 
aspirated carefully and the samples were dried in a vacuum centrifuge for 10 
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 min. 12 μl of High Dye (ABI PRISM) was added and reaction mixture was 
vortexed briefly. The samples were transferred to a 96 well plate for 
sequencing reaction using ABI 3100 automated DNA sequencers.  
Nucleotide sequences obtained were processed and analyzed with the software 
Vector NTI,  
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 2.2.2. Plasmid construction 
2.2.2.1. Construction of pCV-DMC1-N-His 
pCV-DMC1-N-His was used to overexpress dmc1 His tag fusion protein in 
medaka cell lines. Dmc1 was fused with N-terminal His tag and driven by 
CMV promoter, with SV40 poly A site. Dmc1 ORF together with N-terminal 
His-tag was amplified from pET-32a(+)-DMC1 using His-sense and 
DMC1-C-His-R.This fragment was inserted into pCVpr by NotI and EcoRI 
digestion.  
2.2.2.2. Construction of pCV-Rad51-N-His  
pCV-DMC1-N-His was used to overexpress rad51 His tag fusion protein in 
medaka cell lines. Rad51 was fused with N-terminal His tag and driven by 
CMV promoter, with SV40 poly A site. 
Rad51 ORF together with N-terminal His-tag was Amplified from 
pET-32a(+)-m-Rad51 using rad51-n-his-new-s and rad51-n-his-new-r. This 
fragment was inserted into pCV-DMC1-N-His by SalI and KpnI digestion 
His tag SV40 polyACMV DMC1
A
   
His tag SV40 polyACMV Rad51
B
 
Fig. 12 Schematic structures of pCV-Rad51-N-His and pCV-Dmc1-N-His. 
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 2.2.2.3. Construction of pSTK-zlap2egfp 
pSTK-zlap2egfp was used as a positive control to demonstrate ST promoter 
activity and transfection efficiency. pSTK-zlap2egfp contains the EGFP and 
zebrafish lap2 fusion protein driven by ST promoter. The coding sequence of 
the fusion protein was amplified from pEGFP-C2-lap2-503-657 using 
lap2-sense and lap2-anti with additional 3’ digestion site KpnI. After ligation 
into pGEM-T easy vector, the fragment was cut out by SalI and KpnI. The ST 
promoter was amplified from pSTneo with stk-sense-new and stk-anti, then 
ligated into pGEM-T easy vector. Digest the plasmid with NdeI and SalI to 
release the promoter region. The ST promoter region and the fusion protein 




SVTK 3' mRNA endEGFP zlap2-503-657
 
Fig. 13 Schematic structure of pSTK-zlap2egfp 
 
2.2.2.4. Construction of pHR/EJ 3.2 
pHR/EJ 3.2 was used for rapid assay the ratio of HR versus NHEJ. It contains 
a fragment of pac and RFP fusion protein driven by CMV promoter and 
another fragment of the fusion protein with an overlapping region of 738 bps 
with no promoter. The plasmid also contains an EGFP-zlap2 fusion protein 
driven by ST promoter which can be expressed specifically in cell nucleus. 
This plasmid also contains a spacer region supposed to be released upon 
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 double digestion to distinguish the double digested and single or non-digested 
form of plasmid by size. 
The backbone and the first part of pr were obtained from pCVpr by double 
digestion with NotI and PstI. The second part of pr was amplified from pCVpr 
with 2nd-pr-sense and 2nd-pr-anti with a 5’ linker NdeI.  The expression 
cassette of ST driven EGFP-zlap2 fusion protein was obtained by 
double-digestion of pSTK-zlap2egfp with AflII and NdeI. The spacer region 
was obtained by amplification of a fragment from a plasmid with spacer-sense 
and spacer-anti. These fragments were further modified by several steps of 
PCR, digestion and ligation to introduce proper linkers and be combined 
together.  
2.2.2.5. Construction of pN3 
pN3 was used as a negative control to demonstrate that the first part of pr was 
not able to emit red fluorescence even driven by CMV promoter. It contains 
the first part of pr driven by CMV promoter. pHR/EJ 3.2 was double-digested 
with ScaI and AflII to release undesired parts. Then the fragment ends was 
blunted by T4 polymerase. pN3 was obtained by self ligation of the two blunt 
ends. 
2.2.2.6. Construction of pN4 
pN4 was used as a negative control to show the frequency of red fluorescence 
due to random integration of the CMV promoter and the second part of pr. It 
contains most parts of pHR/EJ 3.2 except the first part of pr. pN4 was obtained 
from double digestion of pHR/EJ 3.2 by ScaI and SmaI followed by blunt end 
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Fig. 14 Schematic structure of pHR/EJ 3.2 (A), pN3 (B), pN4 (C). 
 
2.2.2.7. Construction of pCVmpf 
pCVmpf was used to direct differentiate MES1 exclusively into melanocyte 
lineage as well as catering puromycin resistance for drug selection. It is a 
bicistronic plasmid containing one CMV driven mitf-m expression cassette 
and one CMV driven pf 2 expression cassette both with SV40 poly A sites. 
It was constructed by ligation of the following three components together. One, 
mitf coding region and SV40 poly A sites from double digestion of pCVmitf 
with XhoI and KpnI. Two, backbone for plasmid cloning from double 
digestion of pIRES2-EGFP with XhoI and NotI. Three, double digested pf2 
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 cassette by KpnI and NotI from pCVpf2 by PCR with primers: 




SV40 polyACMV promoter CMV promoter pf2mitf-m
 
Fig. 15 Schematic structure of pCVmpf 
 
2.3. Protein Biology 
2.3.1. Protein isolation from tissues and cell lines 
Protein from various organs (testis, ovary and muscle), from medaka were 
isolated. Tissue samples were homogenized with hypotonic buffer in 1.5ml 
Eppendorf tubes on ice. Centrifuged for 5 minutes, the supernatant was 
collected. When harvesting cells, the culture was rinsed with PBS, cells were 
lysed with the addition of Ripa buffer, and then the lysate was transferred to a 
microcentrifuge tube. After vortexed and centrifuged for 5 minutes, the 
supernatant was collected. 
 
Ripa buffer   
 50 mM Tris-Cl (pH 7.4) 
 1 mM EDTA 
 1 mM phenyl-methyl-sulphonylfluoride 
(PMSF) 
 0.25% Na Deoxycholate 
 150 mM NaCl 
 1ug/ml Leupeptin 
 1ug/ml Peptatin 
 1mM NaF 
 1% NP40 
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 2.3.2. Protein assay  
Protein concentration was determined with Protein Assay (Bio-Rad). The 
Bio-Rad Protein Assay is a dye-binding assay in which a differential color 
change of a dye occurs in response to various concentrations of protein. Dye 
reagent was prepared by dilution of a 5×dye concentrate with deionized water. 
Protein standard was prepared with BSA with a concentration of 0.2-0.9 
mg/ml. For standard curve, mixed 20 μl protein standard with 1 ml dye reagent 
in a microcentrifuge tube incubated for 10 min then measurement absorbance 
at 595 nm. Input data to Excel and formed a standard curve with protein 
concentration against absorbance at 595 nm. For sample assay, 5 μl of sample 
was used instead of 20 μl of protein standard for the assay. Then used the 
standard curve to calculate the protein concentration. 
 
2.3.3. SDS-Polyacrylamide gel electrophoresis  
SDS-Polyacrylamide gel electrophoresis (SDS-PAGE) is the most widely 
used method for qualitatively analyzing protein mixture which is based on the 
separation of proteins according to size. SDS-PAGE was done using Bio-Rad 
Mini-PROTEAN® 4 Electrophoresis cell. 12% separating gel and 5 % stacking 
gel were used throughout and prepared according to the protocol. Samples 
were then mixed with 2 X SDS-gel loading buffer and boiled for 5 min. The 
samples were loaded on gel and electrophoresed using 5 X Tris-glycine 
electrophoresis buffer. The molecular marker used was Precision Plus 
Protein™ Standards (Bio-Rad).  
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 12% separating gel:   
 1.675 ml H2O 
 1.25 ml 1.5 M Tris-Cl (pH 8.8) 
 2 ml 30% Acrylamide (Bio-Rad) 
 0.05 ml 10% SDS 
 0.05 ml  10% (w/v) ammonium 
persulfate  
 0.002 ml TEMED  
5 % stacking gel:   
 2.7 ml H2O 
 0.5ml 1.5 M Tris-Cl (pH 6.8) 
 0.67 ml 30% Acrylamide (Bio-Rad) 
 0.04 ml 10% SDS 
 0.04 ml 10% (w/v) ammonium 
persulfate 
 0.004 ml TEMED 
2X SDS-gel loading buffer:  
 100 mM Tris-Cl (pH 6.8) 
 50% glycerol 
 10% SDS 
 10% β-mercaptoethanol 
 0.04% bromphenol blue 
5X Tris-glycine   
electrophoresis buffer:  
 62.3 mM Tris 
 480 mM glycine 
 0.25% (w/v) SDS 
2.3.4. Western blotting 
Identification of proteins separated by gel electrophoresis is often 
compounded by the small pore size of the gel, which limits penetration by 
macromolecular probes. Overcoming this problem can be achieved by blotting 
the proteins onto an adsorbent porous membrane, which gives a mirror image 
of the gel. The Immuno-Blot® PVDF membrane (Bio-Rad) was wetted in 
100% methanol. Prepare 4 pieces gel size filter paper (Waterman) and soaked 
in transfer buffer. The transfer stack was assembled as following: a foam pad 
was placed on one side of the cassette holder. Then 2 sheets of filter paper were 
placed on top of the pad. The gel was placed on top of the filter paper. The 
PVDF membrane was put on top of the gel. Another 2 sheets of filter paper 
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 were placed on top of the membrane. A foam pad was put on top of the filter 
paper. Then the transfer stack was put into the transfer apparatus with the gel at 
the cathode side. Transferred at 100V for one hour and a half. 
Non-specific binding sites was blocked by immersing the membrane in 5%       
non-fat milk in Tris-buffered saline Tween-20 (TBST) for one hour on an 
shaker. The membrane was briefly rinsed with TBST, then washed three times 
for 10 minutes each with fresh changes of TBST. The membrane was 
incubated in diluted primary antibody (1:1000-1:10,000 antibody, 2.5% 
non-fat milk, in TBST) for one hour. The membrane was washed three times 
for 10 minutes each with fresh changes of TBST. The membrane was 
incubated in the diluted secondary antibody(1:30,000 antibody, 2.5% non-fat 
milk, in TBST) for one hour. The membrane was washed three times for 10 
minutes each with fresh changes of TBST. Changed TBST to 10 ml alkaline 
phosphatase buffer, added 66 μl NBT (50 mg/ml) and 33 μl BCIP (50 mg/ml) 
for development. Incubated with shaking for about 5 min, desirable bands 
were visualized. Rinsed membrane with water to stop development, air-dried 
membrane and scanned with optical scanner (HP scanjet 3970). The blocking, 
incubation, washing and development were performed at room temperature. 
  
Transfer buffer:    
 25 mM  Tris 
 190 mM  glycine 
 20%  Methanol 
TBST:    
 10 mM  Tris (pH8.0) 
 150 mM  NaCl 
 0.05%  Tween-20 
Alkaline Phosphatase buffer:   
 100 mM  Tris (pH9.5) 
 100 mM  NaCl 
 5 mM  MgCl2 
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 2.4.Cell biology    
2.4.1. Buffers and media 
10×PBS buffer:   
 1200mM NaCl 
 280mM Na2HPO4 
 25mM KH2PO4 
1×Trypsin-EDTA:   
 0.05% Trypsin 
 2 g/l EDTA 
DMEM medium:   
 10.04 g/l MEM Dulbecco’s 
medium (GibCO) 
 3.9 g/l NaHCO3 
 20mM HEPES 
ESM4 
1× DMEM (Gibco, 4500g glucose) 
20mM Hepes (Sigma) 
 pH 7.7, add 2.5ml 1 M HCl 
1x 100x   Pen.Strep,100U µg/ml 
1x, 100x   L-Gln 
1x  100x   Non-essential Aa 
1x 100x   Na-pyruvate 
100 µM 1000x 2-Mercaptoethanol, 
100mM 
2nM 1000x Na-selenite, 2 µM 
10ng/ml bFGF, 0.1µg/µl 
0.4/ml MEE (medaka embryos extract) 
0.2% Fish serum from sebass 
15% FBS(FCS) standard 
 Final pH 7.4 
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 2.4.2. Preparation of embryo extract and fish serum  
Embryos of medaka were collected, cultured in dish with 1x ERM till 7 days 
old. Embryos were then rinsed in PBS and homogenized in an ice-water bath. 
The homogenate was subjected to three freeze-thawing cycles and centrifuged 
for 30 min at 15000 rpm at 4°C. The upper lipid layer was discarded and the 
clear supernatant was filtrated through a 0.2-µm filter. Whole blood was 
collected from the caudal vein of the seabass and serum was prepared as 
described (Hong et al., 1996). 
2.4.3. Thawing, freezing and maintenance of cell lines 
About 106 cells in 1.2 ml medium in a 2 ml cryo-preservation tube (Greiner 
Bio-One) was removed from -80 freezer, rapidly thawed in 37℃ water bath, 
collected by centrifuge at no more 3000rpm for 3 min, added 1.5 ml 
prewarmed medium and resuspended the cells. Resuspended cells were then 
transferred to a 6-well culture dish. For cryostorage, cells in dishes were 
washed once with PBS, trypsinized with 1× Trypsin-EDTA solution at room 
temperature for 1-5 min. Upon removal of Trypsin-EDTA, 1.2 ml pre-chilled 
medium that containing 10% DMSO was added. Cells were resuspended by 
gently pipeting up and down, transferred into a pre-chilled cryo-preservation 
tube. Incubated cells on ice for 30 min, then transferred into the cryovials 
(Nalgene), stored in 80℃ freezer. For subculturing, monolayer cells were 
washed in PBS, treated with Trypsin-EDTA, and split.  
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 2.4.4. Gene transfer and transient expression 
High quality plasmid from midi or maxi plasmid preparation was used for 
gene transfer. For 6-well culture dish, 100 μl serum-free medium was mixed 
with 3 l Genejuice (Novagen) by vortex. The mixture was incubated for 5 min 
then added 1 μg plasmid DNA into it. During the incubation, change the cell 
culture medium to serum-free medium. Upon 20 min incubation, added the 
mixture into culture dish drop by drop. After the cells were incubated in 28℃ 
incubator for 6 hours, changed the medium back to ESM4. Microscopy was 
performed to observe possible fluorescence on the subsequent days.   
2.4.5. Drug selection of transfected cells 
Cells transfected with plasmids will gain resistance to the antibiotics 
accordingly. Following is a list of drug resistance of various plasmids 
 




pHR/EJ3.2 upon HR puromycin and neomycin 
  
Drugs were added in ESM4 medium at concentration of 1 μg/ml for 
puromycin, 300 μg/ml for G418. Drug containing ESM4 was used instead of 
normal ESM4 for drug selection. For puromycin resistance selection, 
non-transfected cells normally died in 1-2 days. For neomycin resistance 
selection, non-transfected cells normally died in 7 days. 
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 2.4.6. Determination of HR and NHEJ activity 
HR/NHEJ activity was determined as the ratio of red/green cells. Cells were 
counted on day 3 post-transfection. Three fields were randomly observed for 
cell counting in each well. Counts from the three fields were averaged to the 
frequency. All experiments were repeated at least three times. Before 
statistical analysis, data in form of percentage was converted into arcsin form, 
and the value and figures shown in results are all transformed data. One-way 
ANOVA was performed to determine whether there was significant difference 
between the treated groups to the control group. Dunnett's test was performed 
as post test to determine whether there was significant difference between 
control and treated group. The statistical analysis was performed using 
GraphPad Prism version 4.00 for Windows.  
 44 
 Chapter 3 Results 
3.1. Strategy and experimental design of the single 
plasmid gene activity assay system 
To study the pathway choice and gene activity in DSB break repair, a single 
plasmid assay system was designed. A plasmid was constructed that contains 
two direct repeats that are 3’ and 5’ truncated form of the pac and RFP fusion 
protein (pr), respectively. Upon HR an intact pr fusion gene will be restored 
and the cell harbor such a recombination event will emit red fluorescence. 
Between the two direct repeats there is a cassette expressing a fusion protein 
between GFP and zebrafish lamina-associated polypeptide 2 (zlap2), which 
can direct the fusion protein into the cell nucleus (Schoft et al., 2003), with a 
distal polyA site separated by a spacer region. Upon deletion of the spacer 
region prior to transfection, the GFP gene will have no accessible polyA site so 
that the GFP protein expression will be abolished. If a cell undergoes an NHEJ 
event, then the GFP gene will be linked to the distal polyA site and the GFP 
Zlap2 fusion protein production will be restored, the cell will emit nuclear 
green fluorescence. To summarize, the spacer-deleted plasmid upon 
transfection into cells can be repaired by several pathways including HR or 
NHEJ, which will generate cytoplasmic red or nuclear green fluorescence, 
respectively (Fig. 16). This system enables a rapid assay of cellular activity in 
DSB repair. The ratio of red and green cells to total cells can be used to 
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 3.2. Characterization of pHR/EJ 3.2 
3.2.1 Transient transfection into cell lines 
pHR/EJ3.2 was constructed as described in method. The plasmid structure and 
partial sequence was confirmed by multi enzyme digestion and sequencing of 
junction regions.  
To test the functionality, pHR/EJ3.2 was transiently transfected into three cell 
lines: medaka ES cell line (Hong et al., 1996), SG3 for germ cell (Hong et al., 
2004) and SOK for testis somatic cell line (unpublished). Microscopic 
observation was taken. Both cells expressing either red or green fluorescence 
were observed in all three cell lines. Some cells displayed both green and red 
fluorescence simultaneously (Fig. 17). 
 
A)                          B      










Fig. 17 Transient transfection of pHR/EJ 3.2 into MES1.  
A) cell with nuclear green fluorescence. B) cell with red fluorescence, C) cell with both 
green and red fluorescence. 
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 To confirm that the two fragment of pr gene is not able to give rise to 
fluorescence individually without DSB repair events, two negative control 
was constructed. pN3 contains only the first truncated pr gene driven by CMV 
promoter with an accessible SV40 polyA site. Whereas pN4 contains the 
second truncated fragment of pr gene and an intact GFP zlap2 fusion gene 
driven by ST promoter without accessible SV40 polyA site upon deletion of 
the spacer region. Cells transfected with pN3 or pN4 were unable to emit red 
or green fluorescence (data not shown). 
3.2.2 Homologous recombination product 
To test that the red fluorescence emitted was because of the restoration of pr 
gene, PCR was done to amplify the restored pr gene from tranfected cells. Two 
sets of primers (HR-sense and HR-anti; HR-sense-new and HR-anti) were 
used, the product size was the same as predicted (Fig. 18). Primers HR-sense 
and HR-sense-new were both designed upstream of the first direct repeat of pr. 
HR-anti was designed downstream of the second direct repeat of pr. 







Fig. 18 HR product amplified by PCR.  
A is the product amplified by HR-sense and HR-anti. B is the product amplified by 
HR-sense-new and HR-anti. M is the DNA 1kb marker from Fermentas. 
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 3.3.  Overexpression of Rad51 
To study the function and activity of Rad51 in DSB repair, RAD51 was 
overexpressed in the three cell lines by transient transfection. The plasmid 
contains the ORF of medaka Rad51 gene fused with N-terminal His tag driven 
by CMV promoter with SV40 polyA site.  
3.3.1 Rad51 was overexpressed at mRNA level 
To confirm the gene was expressed, RT-PCR was done to detect the 
overexpressed mRNA. β-actin was used as a positive control of RT-PCR 
reaction as well as detection of genomic contamination. Its RT-PCR product 
should be 400 bp whereas its genomic PCR product is 600 bp. To exclude 
possible plasmid contamination, primers, CMV-sense and CMV-anti, were 
used to detect the presence of CMV promoter region of the plasmid. If there is 
plasmid DNA contamination, PCR using these primers would generate a 
product of 500 bp. To detect overexpressed Rad51, primers, 3'UTR-anti-rd 
and RO-RT-sense, were used to amplify part of the ORF and part of the 3’ UTR 
of the expression construct. The PCR product should be 580 bp. To detect 
endogenously expressed Rad51, primers, rad51 and rad31, were used to 
amplify the 3’UTR and partial ORF of the medaka Rad51 transcript. The 
product should be 800 bp. To detect total expression of Rad51, primers, 
RO-RT-sense and 3Radexpress, were used to amplify the partial ORF region 
which is common in endogenous transcript and plasmid as well as its 
transcript. The PCR product should be 500 bp. RT-PCR results showed that in 
all three cell lines plasmid contamination was undetectable, whereas the 
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 exogenous Rad51 mRNA were strongly expressed from the plasmid (Fig. 19).  
3.3.2 Western blotting 
pCV-Rad51-N-His was introduced into the three medaka fish cell lines. Anti 
His-tag antibody was used in Western blotting to specifically detect the 
overexpressed His-tag and Rad51 fusion protein. Result revealed the 
expression of the His-tagged recombinant Rad51 protein (Fig. 20).The 
endogenous Rad51 protein is predicted to be about 37kd, and the 
overexpressed fusion protein is predicted to be around 42kd. 
3.4. Overexpression of Dmc1 
To study the function and activity of Dmc1 in DSB repair, DMC1 was 
overexpression in the three cell lines by transient transfection. The plasmid 
contains the ORF of medaka Dmc1 gene fused with N-terminal His tag driven 
by CMV promoter with SV40 polyA site.  
3.4.1. Dmc1 was overexpressed at mRNA level 
To confirm the gene was expressed, RT-PCR was done to detect the 
overexpressed transcripts.  
β-actin was used as a positive control of RT-PCR reaction as well as detection 
of genomic contamination. Its RT-PCR product should be 400 bp whereas its 
genomic PCR product is 600 bp. To exclude possible plasmid contamination, 
primers, CMV-sense and CMV-anti, were used to detect the presence of CMV 
promoter region of the plasmid. If there is plasmid DNA contamination, PCR 
using these primers would generate a product of 500 bp. To detect over 
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  51 
expressed Dmc1, primers 3'UTR-anti-rd and DO-RT-sense were used to 
amplify the 3’ UTR and partial ORF of the plasmid transcript. The PCR 
product should be 480 bp. To detect endogenously expressed Dmc51, primers, 
DO-RT-sense and fullDMC32, were used to amplify the 3’UTR and partial 
ORF of the medaka Dmc1 transcript. The product should be 650 bp. To detect 
total expression of Dmc1, primers, Dmca and Dmcb, were used to amplify the 
partial ORF region which is common in endogenous transcript and plasmid as 
well as its transcript. The PCR product should be 650 bp. RT-PCR results 
showed that in all three cell lines plasmid contamination was undetectable, 
whereas the exogenous Dmc1 mRNA were strongly expressed from the 
plasmid (Fig. 19). 
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                                 A                                 B                                 C 
A), B), C), RT-PCR results of Rad51 obtained from transfected MES1, SG3 ad SOK cell line respectively 
D), E), F), RT-PCR results of Dmc1 obtained from transfected MES1, SG3 ad SOK cell line respectively 
 
 








 3.4.2. Western blotting 
pCV-Dmc1-N-His was introduced into three medaka fish cell lines, western 
blot analysis revealed the expression of the His-tagged recombinant Dmc1 
protein (Fig. 20). Anti His-tag antibody was used in western blotting to 
specifically detect the overexpressed His-tag and Dmc1 fusion protein. The 
endogenous Dmc1 protein is predicted to be about 37kD, while the 
overexpressed fusion protein is predicted to be 42kD. 
      
A) 






B)   
 
      
 
 
Fig. 20 Western blot analysis of overexpressed protein.  
A), Western blotting results of Rad51. B), Western blotting results of Dmc1. 
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 3.5. Cellular activity assay of Rad51 and Dmc1 on HR 
in three cell lines 
To study the cellular activity of Rad51 and Dmc1 in DSB repair, Rad51 and 
Dmc1 were overexpressed in SG3, SOK and MES1 cell lines. The 
overexpression plasmids, pCV-rad51-N-His or pCV-DMC1-N-His, and the 
assay plasmid, pHR/EJ 3.2 were co-transfected into the three cell lines. The 
HR frequency was determined as the red-to-green cell ratio in MES1 (Table 
3), SG3 (Table 4) and SOK (Table 5) cell lines. In all three cell lines there 
were some cells both red and green. But the total number of green cells was 
relative small, so the number of cells that were both red and green was not 
determined. 
The red-to-green cell ratio was designed to be a direct index of pathway 
choice and shift in DSB repair. In the current study, the ratio was not 
applicable to statistical analysis due to some ratios remained to be 
determined. Alternatively, indirect pathway choice and shift were analyzed 
using the red/ (green) cell-to-total cell ratios to demonstrate the effect on HR 
and NHEJ separately.  
For effect on HR, red cell-to-total cell ratios were analyzed. Results (Fig. 21) 
showed there were significant difference between treated groups and control 
group in SG3 (p<0.05) and SOK (p<0.01) cell lines, whereas in MES1 cell line 
there was no significant difference (p>0.05). These results showed that 
overexpression of Rad51 and Dmc1 individually and simultaneously strongly 
suppressed HR in extrachromosomal substrates in SG3 and SOK cell line but 
not in MES1 cell line. 
 54 
 For effect on NHEJ, green cell-to-total cell ratios were analyzed. Results (Fig. 
22) showed there were statistically significant difference (p<0.01) in SOK cell 
line but not in SG3 and MES1 (p>0.05). These results suggested that 
overexpression of Rad51 and Dmc1 individually and simultaneously 
suppressed NHEJ in extrachromosomal substrates in SOK cell line but not in 
SG3 and MES1 cell line.  
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 Table 3. Relative activity of homologous recombination versus end joining in 









DD     
Exp 1 8144 55 (0.68) 6 (0.07)  9.17  
Exp 2 9224 8 (0.09) 2 (0.02)  4.00  
Exp 3 19400 114 (0.59) 8 (0.04)  14.25  
Average 12256 59.0 (0.45) 5.3 (0.05)  9.14  
DD+R     
Exp 1 5856 0 (0.00) 0 (0.00)  N/A 
Exp 2 8177 2 (0.02) 0 (0.00)  N/A 
Exp 3 10500 51 (0.49) 4 (0.04)  12.75  
Average 8178  17.7 (0.17) 1.3 (0.01)  N/A 
DD+D     
Exp 1 3396 0 (0.00) 2 (0.06)  0.00  
Exp 2 8641 4 (0.05) 1 (0.01)  4.00  
Exp 3 6400 54 (0.84) 1 (0.02)  54.00  
Average 6146  19.3 (0.30) 1.3 (0.03)  19.33  
DD+R+D     
Exp 1 4024 6 (0.15)  2 (0.05)  3.00  
Exp 2 6049 1 (0.02)  2 (0.03)  0.50  
Exp 3 10300 192 (1.86)  0 (0.00)  N/A 
Average 6791  66.3 (0.68)  1.3 (0.03)  N/A 
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 Table 4. Relative activity of homologous recombination versus end joining in 









DD     
Exp 1 8528 103 (1.21)  16 (0.19)  6.44  
Exp 2 4230 8 (0.19)  0 (0.00)  N/A 
Exp 3 8448 47 (0.56)  9 (0.11)  5.22  
Average 7069  52.7 (0.65)  8.3 (0.10)  N/A 
DD+R     
Exp 1 6432 11 (0.17)  6 (0.09)  1.83  
Exp 2 4482 6 (0.13)  1 (0.02)  6.00  
Exp 3 2753 4 (0.15)  2 (0.07)  2.00  
Average 4556  7.0 (0.15)  3.0 (0.06)  3.28  
DD+D     
Exp 1 6400 14 (0.22)  11 (0.17)  1.27  
Exp 2 992 0 (0.00)  0 (0.00)  N/A 
Exp 3 7680 4 (0.05)  1 (0.01)  4.00  
Average 5024  6.0 (0.09)  4.0 (0.06)  N/A 
DD+R+D     
Exp 1 7952 6 (0.08)  2 (0.03)  3.00  
Exp 2 2844 1 (0.04)  1 (0.04)  1.00  
Exp 3 2978 3 (0.10)  0 (0.00)  N/A 
Average 4591  3.3 (0.07)  1.0 (0.02)  N/A 
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 Table 5. Relative activity of homologous recombination versus end joining in 









DD     
Exp 1 10048 134 (1.33)  30 (0.30)  4.47  
Exp 2 7888 79 (1.00)  27 (0.34)  2.93  
Exp 3 8400 58 (0.69)  6 (0.07)  9.67  
Exp 4 12288 46 (0.37)  1 (0.01)  46.00  
Average 9656  79.3 (0.85)  16.0 (0.18)  15.76  
DD+R     
Exp 1 7760 6 (0.08)  9 (0.12)  0.67  
Exp 2 8544 14 (0.16)  2 (0.02)  7.00  
Exp 3 10308 5 (0.05)  0 (0.00)  N/A 
Exp 4 6272 2 (0.03)  0 (0.00)  N/A 
Average 8221  6.8 (0.08)  2.8 (0.03)  N/A 
DD+D     
Exp 1 5280 7 (0.13)  6 (0.11)  1.17  
Exp 2 9920 10 (0.10)  1 (0.01)  10.00  
Exp 3 13824 22 (0.16)  0 (0.00)  N/A 
Exp 4 10432 27 (0.26)  0 (0.00)  N/A 
Average 9864  16.5 (0.16)  1.8 (0.03)  N/A 
DD+R+D     
Exp 1 6288 4 (0.06)  6 (0.10)  0.67  
Exp 2 5665 2 (0.04)  1 (0.02)  2.00  
Exp 3 7168 26 (0.36)  2 (0.03)  13.00  
Exp 4 10560 23 (0.22)  0 (0.00)  N/A 
Average 7420  13.8 (0.17)  2.3 (0.04)  N/A 
 
Notes:  N/A—not applicable 
DD—results of double digested pHR/EJ 3.2 transfection.  
R+DD—results of co-transfection of pCV-Rad51-N-His and double digested 
pHR/EJ 3.2.  
D+DD--results of co-transfection of pCV-Dmc1-N-His and double digested 
pHR/EJ3.2.  
R+D+DD--results of co-transfection of pCV-Rad51-N-His, pCV-Dmc1-N-His and 
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Fig. 21 Effect of overexpression of Rad51 or Dmc1 on HR in three cell lines.  
1) Results in SG3 cell line. p<0.05. 2) Results in SOK cell line. p<0.01. 3) Results in 
MES1 cell line. p>0.05. Data shown were converted into arcsin value. Mean plus S.E.M. 
are shown. * represents p<0.05, ** represents p<0.01 between treated group and control 
group. 
Notes:  DD, R+DD, D+DD, R+D+DD refer to notes of table 5. 
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 SOK-NHEJ































































Fig. 22 Effect of overexpression of Rad51 or Dmc1 on NHEJ in three cell lines.  
1) Results in SOK cell line. p<0.01. 2) Results in SG3 cell line. p>0.05. 3) Results in 
MES1 cell line. p>0.05.  
Mean plus S.E.M. are shown. * represents p<0.05, ** represents p<0.01 between treated 
group and control group. 
See notes to Table 3 for DD, R+DD, D+DD and R+D+DD. 
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 3.6. Experimental approach to enrich 
differentiating melanocyte lineage 
To enrich differentiating melanocyte lineage, we propose to direct the medaka 
ES cells (MES1) to differentiate and select by transient expression of Mitf-m 
together with drug resistance gene. A bicistronic plasmid containing both 
expression cassettes of Mitf-m and pf gene was designed and constructed. 
Cells transfected with this plasmid will undergo differentiation towards 
melanocyte and harbor drug resistance, so that upon drug selection, 
enrichment of differentiating melanocyte lineage is possible.  
3.7. Bicistronic plasmid can direct and enrich 
differentiation of melanocytes from MES1 
MES1 cells were transfected with pCVmpf to differentiate into melanocytes 
and puromycin was added from day2 onwards to enrich transgenic cells. 
Green fluorescence was detected from day1 onwards (Fig. 23A). From day 4 
melanocytes were observed in GFP positive cells (Fig. 23B). These 
differentiating cells were drug resistant and thus enriched (Fig. 23C) compared 
to those without drug selection (Fig. 23D). 
These data showed that pCVmpf can direct MES1 into melanocyte lineage by 
expressing the m isoforms of Xiphophorus MITF gene and can confer 
transfected MES1 GFP positive and puromycin resistance as selection 
markers.  
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Fig. 23 Transfection of MES1 with pCVmpf.  
A) GFP expression on day1. B) Differentiating melanocytes that are GFP positive, day 6 (merged). 
C) Cells with drug selection, day7 (merged). D) Cells without drug selection, day7 (merged). 
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 Chapter 4 Discussion 
4.1 Single plasmid system for assay of cellular activity 
in HR and NHEJ 
In our study, the plasmid pHR/EJ 3.2 was constructed as an assay system. 
Multiple site enzyme digestion (data not shown) showed the structure of the 
plasmid is correct. Partial sequencing of the joint region and coding region 
(data not shown) showed the sequences in those regions are correct. 
Functional analysis was performed by transfection into medaka cell lines. 
Transfected cells with circular pHR/EJ 3.2 were green. Because in the intact 
circular plasmid before removal of the spacer region, the zlap2gfp expression 
cassette is intact with SV40 polyA site. This also suggested that the expression 
cassette for the GFP and zLap2 fusion protein was functional.  
The two negative control plasmids showed negative result upon transfection. 
This result excluded the possibility that the two truncated copy of pr gene is 
functional individually. Upon deletion of the spacer region including the 
proximal SV40 polyA site, the plasmid was GFP and RFP negative on day1 
post transfection. This also can be regarded as a negative control as the CMV 
driven RFP and ST driven GFP is very strong on day 1 post transfection. These 
results demonstrated that upon deletion of the spacer region, if there is no HR 
or NHEJ events there won’t be any red or green cells. All color cells 
transfected with double digested pHR/EJ 3.2 should solely attribute to HR or 
NHEJ events.  
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 Further result showed there were both green and red cells on day 2 post 
transfection for double digested plasmid. And fluorescence intensity and color 
cell number both increased on day 3 post transfection. These results showed 
that the pHR/EJ 3.2 as an extrachromosomal substrate is able to undergo HR 
or NHEJ events.  
Summed up, the plasmid pHR/EJ 3.2 was structurally and functionally correct. 
The red and green cells represent the HR or NHEJ events respectively. The 
pHR/EJ 3.2 is capable to be used as an assay plasmid for HR versus NHEJ 
analysis. The red-to-green cell ratio can reflect the pathway choice and shift 
in DSB repair upon ectopic protein expression. 
4.2  Effects of Rad51 and Dmc1 on DSB repair  
To study the effects of Rad51 and Dmc1 on DSB repair in extrachromosomal 
substrates, we overexpressed medaka Rad51 and Dmc1 in three cell lines. 
RT-PCR results showed that on the transcription level these two genes were 
strongly expressed in all three transfected cell lines. Possibility of genomic 
DNA contamination and plasmid DNA contamination was excluded by β-actin 
and CMV primers detection. Western blot analysis confirmed the 
overexpression of these two His-tag fusion proteins on protein level. Due to 
the endogenous expression level of the two genes, especially Dmc1 which is 
supposed to be expressed exclusively in meiotic cells, the increase of 
expression level was not determined. 
In this study, we intended to use red-to-green cell ratio as a direct index of 
DSB repair pathway choice and shift. Due to low transfection efficiency and 
even lower HR or NHEJ frequency, color cells in some wells were not 
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 detected. Thus some red-to-green cell ratios were not determined and 
analysis ratios were not applicable on current data sets. As preliminary results, 
the ratios did change and suggested the vector assay system and the approach 
is functional and practical. 
Alternate to the red-to-green cell ratio, the red/ (green) cell-to-total cell ratio 
was determined as an indirect assay of effects on HR or NHEJ respectively. 
Our preliminary study showed that overexpressed His-tagged Rad51 and 
Dmc1 fusion protein both suppress HR between direct repeats in 
extrachromosomal assay substrate in SOK and SG3 cell lines. In SOK cell line 
the suppression effect was around 10 fold on average. In SG3 cell line, a 
decrease of around 9 fold of HR frequency was observed. In MES1 cell line, 
the effect was obscured. 
This suppression effect on HR between direct repeats in extrachromosomal 
substrates by overexpressed Rad51 is similar with some previous reports on 
SSA. In some previous reports researchers found that SSA is restricted to DSB 
between direct repeats (Krogh and Symington, 2004a; Lin FL, 1984), and the 
HR events between direct repeats in extrachromosomal substrate are 
predominantly non-conservative SSA whereas those conservative repair 
pathways are only minor proportion if there is any (Willers et al., 2001; Griffin 
and Thacker, 2004; Fishman-Lobell et al., 1992; Maryon and Carroll, 1991; 
Adair et al., 1995; Lambert et al., 1999; Preston et al., 2002; Schildkraut et al., 
2005). The situation in our study is quite similar. Before transfection, there 
was an artificially generated DSB by endonuclease digestion between the two 
direct repeats in pHR/EJ 3.2. In this study the HR frequency is comparably 
high if the transfection efficiency, which was around 10-20%, were taken into 
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 account. Even in somatic cell line, SOK, approximately 10% of transfected 
cells underwent HR if the transfection efficiency was 10%. Products of the 
three pathways, SSA, SDSA and DSBR, are indistinguishable in this situation. 
Taken together, it is reasonable to postulate that most of the HR events in our 
study underwent the SSA pathway though there could be rare events were by 
gene conversion mechanism.  
The decrease of HR frequency observed in our study may due to total 
inhibition of all homologous dependent DSB repair or reflected the shift from 
more frequent pathway SSA to a less frequent pathway like SDSA. There were 
reports of such pathway shift and inhibition under certain circumstances. 
Schildkraut et al observed that DSBR will increase linearly when distance 
between the two direct repeats increase, whereas SSA will drop accordingly 
(Schildkraut et al., 2005). BRCA 2 mutant was reported to have a significant 
decrease of DSBR and SDSA but dramatically increased SSA frequency in 
mouse (Larminat et al., 2002), the NHEJ frequency was not affected in human 
(Xia et al., 2001). Ivanov et al. (1996) suggested that there is a competition 
between SSA and gene conversion processes that favors SSA in the absence of 
RAD51, RAD54, RAD55 and RAD57. All these support that choice for DSB 
repair pathways could be affected by altered gene expression level. What’s 
more, as illustrated in the introduction, SSA shares intermediates with SDSA 
and DSBR pathways (Fig. 2 and Fig. 3). This provided the possibility for the 
three pathways to compete for same substrate and also the possibility for the 
pathways to be affected in presence of some excessive factors. Experimental 
evidences also support that pathway choice could be altered by adding or 
removing of certain factors (Davis and Symington, 2001).  
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 Rad51, the central player in conservative DSB repair pathways either SDSA or 
DSBR, is intensively studied. Overexpression of Rad51 was reported to 
increase HR that undergo Rad51-dependent pathways like SDSA and DSBR 
(Vispe et al., 1998). Observations in this study suggested that the HR events 
were mainly SSA which is Rad51-independent. These results reflect the shift 
of HR pathway choice between the three major homology dependent pathways 
in extrachromosomal substrate. Excessive Rad51 may bind the processed 
ssDNA end thus competing with Rad51-independent SSA pathway, which 
result in a pathway shift from SSA to a much less frequent Rad51-dependent 
pathway.  
Dmc1, the meiosis specific recombinase, was not so intensively studied as 
Rad51. This study provides the first evidence on effects of overexpression of 
Dmc1 on DSB repair. Similar on sequence and structure level, Dmc1 is also 
thought to have distinct but overlapping functions in DSB repair as Rad51 
(Shinohara et al., 1997; Masson and West, 2001). Our study supports this 
argument by measuring the effects on HR of ectopic Dmc1 in cell lines. 
Similar to the situation in Rad51, overexpressed Dmc1 may compete with SSA 
for the ssDNA ends thus caused a shift of pathway to less frequent alternatives.  
One report argued that tag fused Dmc1 regardless C terminal or N terminal 
tagging caused the fusion protein to be non-functional in Sch. Pombe 
(Grishchuk et al., 2004). But Dresser et al. (1997) reported functional 
HA-tagging at the C-terminus of Sac. Cerevisiae Dmc1. In this study, it is 
unlikely to be due to a non-functional Dmc1 fusion protein. If the His-tagged 
fusion protein was non-functional, it may act as a dominant-negative 
competitor in competition with normal factors and cause an inhibition of DSB 
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 repair. This may interpret the lowered HR frequency observed in SOK and 
SG3 cell lines. But in this study MES1 showed no significant change of HR 
frequency upon introduction of excess Dmc1 fusion protein. Thus the 
possibility of non-functional Dmc1 fusion protein was excluded. 
The different result obtained from the three cell lines may reflect the 
endogenous difference within the three cell lines. As mentioned above, a lot of 
factors involved in DSB repair pathways can alter the HR frequency and 
pathway choice. MES1, an ES cell line, has a lot of unique properties and 
exceptionally high frequency of HR by Rad51-dependent pathway. Thus in 
MES1, the HR frequency measured by fluorescent cells may reflect the high 
frequency of Rad-51 dependent SDSA or DSBR repair events rather than 
Rad51-independent SSA events. Thus overexpression of Rad51 and Dmc1 
will not have the similar level of pathway shift like in SOK and SG3 cell lines.  
Overexpressed Rad51 and Dmc1 may be able to shift the DSB repair pathway 
from SSA to SDSA or DSBR by competition of ssDNA substrates, but a 
successful SDSA or DSBR event requires other factors to be involved in. In all 
three cell lines, such factors may not present or has a under stoichiometric 
level to coordinate with the highly expressed Rad51 and Dmc1 to complete the 
entire pathway and lead to restored pr fusion gene. In all three cell lines, there 
were no differences observed between Rad51, Dmc1 and co-expression of 
Rad51 and Dmc1. This may due to the overexpression of a single protein is 
enough to bind almost all the available DSB substrates. Or it may be masked 
by the poor signal-noise ratio when the HR frequency was extremely low.  
Our study showed that overexpressed Rad51 and Dmc1 suppress NHEJ in 
extrachromosomal assay substrate in SOK cell line but not in SG3 and MES1 
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 cell lines. In SOK cell line the suppression effect was around 10 folds in 
average. In SG3 and MES1 cell line, the effects were not statistically 
significant.  
The NHEJ situation is simpler than that in previous homology dependent DSB 
repair, but it also reflected the possible pathway competition in seemingly 
unrelated pathways.  
There is evidence that NHEJ and HR pathways could be switched by certain 
factors. One factor that influences repair pathway choice is cell cycle phase. 
NHEJ is preferred during G1/early S phase, whereas HR is prominent in late 
S/G2 phase (Couedel et al., 2004). However, these preferences do not appear 
to be absolute (Rothkamm et al., 2003). Observations in this study also 
support that HR and NHEJ are not mutually exclusive as there were some 
cells both red and green. Also there are evidences that both pathways have 
access to the same DSB. For example, HR and NHEJ can be coupled for the 
repair of a single DSB (Richardson and Jasin, 2000). In addition, in NHEJ 
mutants, HR repair of a DSB is increased compared with wild-type cells, 
suggesting that HR can compensate when NHEJ is impaired (Pierce et al., 
2001). HR and NHEJ can nevertheless be coupled for the repair of a single 
DSB in mammalian cells (Richardson and Jasin, 2000), indicating that the two 
repair pathways are not completely restricted to different cell cycle phases and 
that other factors influence pathway choice (Pierce et al., 2001). There are 
several lines of evidence suggest that HR and NHEJ can be competing 
pathways for the repair of a DSB in some circumstances (Essers et al., 2000).  
For Rad51 in choice between these two major categories, Dominguez-Bendala 
et al. (2003) showed that in addition to its effect on HR, Rad51 may 
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 down-regulate illegitimate recombination. For Dmc1, there was no previous 
report on that. 
Our results support that the choice between the two major categories are 
switchable under certain conditions. In SOK cell line, in consistence with the 
result in homology-dependent DSB repair pathways, overexpression of Rad51 
and Dmc1 can shift the pathway choice to Rad51- or Dmc1-dependent 
pathways leading to a reduction of DSB repair by NHEJ. In SG3 and MES1, 
the control group has a quite low NHEJ frequency compared to SOK, and the 
variance within control groups and treated groups was relatively high. The 
potential inhibition of NHEJ could be masked by the poor signal to noise ratio. 
The Rad51 and Dmc1 seems having no synergistic effects on DSB repair in 
this study. This may also be attributed to the poor signal to noise ratio. Of 
course endogenous difference may also account for the different effect in the 
three cell lines. 
4.3 Directed differentiation of melanocytes from 
MES1 
In our study, pCVmpf, the bicistronic plasmid, was able to direct medaka ES 
cell line, MES1, to differentiate into melanocyte lineage as reported in 
previous works (Bejar et al., 2003). Also the plasmid was able to provide two 
selection markers, drug resistance and GFP positive, only to those 
differentiating and differentiated cells. These two features combined together 
make the plasmid very useful to enrich differentiating cells into a single 
lineage by drug selection or by flow cytometry or by the combination of these 
two methods. The enriched cells will be useful in study of lineage specific 
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 genes and mechanisms of differentiation using proteomics and genomics 
approaches. 
4.4  Implications and future work 
In this study on assay of cellular activity of DSB repair, the vector system 
worked well. In our study, the assay plasmid contains two direct repeats that 
can undergo SSA, SDSA or DSBR pathways. Due to experiments design, the 
products of these three pathways were indistinguishable as all these pathways 
will restore a functional pr fusion gene that emits red fluorescence. Future 
works could construct a similar assay plasmid with inverted repeats instead of 
direct repeats, as inverted repeats can only undergo SDSA or DSBR but not 
SSA. In such a system it is possible to determine whether the different effects 
of overexpressed Rad51 and Dmc1 between cell lines was due to different 
frequencies of SDSA and DSBR. Also works could be done to optimize the 
assay plasmid to contain some elements to distinguish the products between 
the three homology-dependent pathways.  
The vector system was originally designed to reflect DSB repair pathway 
shift by change of the ratio between red and green cells. Preliminary data set 
was not large and good enough to fully utilize the original design. Future 
works could be done to include a larger data set and statistical analysis on the 
ratio between red and green cells. And that could give out more valuable 
information on DSB repair pathway choice and shift. 
The advantage of this extrachromosomal assay system is simple and fast. This 
system can serve as a tool for high-throughput screening of genes involved in 
DSB repair pathways. Automated cell counting or use of flow cytometry will 
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 greatly enhance the speed and accuracy of data collection. But this system may 
not reflect complex process involving higher order of DNA organization like 
chromatin remodeling which is quite often involved in mitotic and meiotic 
DSB repair.  
For study of cellular activity on gene targeting, this system is not effective. As 
the mechanisms for gene targeting is still obscure, it may not involve the same 
mechanisms even in different targeting vector designs. And the targeting 
mechanism may involve a combination of the pathways mentioned. Nowadays, 
generally accepted systems to study gene targeting usually include a real gene 
targeting process, whereas extrachromosomal systems are believed to be 
unable to reflect the complex procedure in gene targeting.  
In this study there seems no synergistic effect of Rad51 and Dmc1 on either 
HR or NHEJ. This may due to one overexpressed protein already saturated the 
DSB substrates or may due to poor signal-noise ratio when the frequency is 
very low. This could be testified by various amount of plasmid transfection. In 
a linear dose-response range such conclusions could be drawn.  
For directed differentiation, pCVmpf, a bicistronic plasmid was constructed to 
co-express differentiation inducer Mitf-M and selection marker pf fusion gene. 
That plasmid works well to enrich differentiating melanocytes by drug 




This study was aimed at utilizing the medaka fish embryonic stem cells to 
develop the manipulating systems to understand homologous recombination 
and stem cell differentiation. The first goal was the establishment of a simple 
and rapid system for investigating the relative cellular activities for 
homologous recombination versus random integration. To this, a single 
plasmid assay system was developed. In this system, a cell that has undergone 
a homologous recombination has red cytoplasm, while cell with a 
nonhomologous recombination possesses a green nucleus. By using this 
dual-color system, a variety of fish cell lines including the medaka 
embryonic stem cells and adult spermatogonial stem cells were found to have 
differential activities for homologous recombination and random integration. 
In an attempt to look into mechanisms underlying switch between 
homologous recombination and random integration, the roles of important 
DNA-repairing genes Rad51 and Dmc1 were studied by ectopic expression. 
Ectopic expression of either or both genes in some cell lines was found to 
suppress the frequencies of both homologous and nonhomologous 
recombinations. As the second tool to manipulate embryonic stem cells for 
directed differentiation, a model of melanocyte differentiation was adopted to 
test the possibility to enrich for transgenic differentiating cells. For this, a 
bicistronic was constructed that consists of two independent cassettes: One 
expresses a fusion between drug-resistance and green fluorescent protein and 
the other expresses the pigment cell master regulator 
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 microphthalmia-associated transcription factor (mitf). Drug selection of 
medaka embryonic stem cells transiently transfected with this bicistronic 
vector led to the generation of cell populations highly rich in pigment cells. 
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 Appendix: plasmid structures 
Table of plasmids 
Name Backbone Structure Note  
pCV-DMC1-N-His pCVpr (Kan+) 
CMVÆHis
-Dmc1 
For overexpression of 
N-terminal His-tagged 
Dmc1 in eukaryotes 
 
pCV-Rad51-N-His pCVpr (Kan+) 
CMVÆHis
-Rad51 
For overexpression of 
N-terminal His-tagged 








For overexpression of 
fusion protein 
zlap2egfp in eukaryotes 
 







Bicistronic plasmid for 
assay of cellular 
activity in DSB repair 
pN3 pCVpr (Kan+) 
CMVÆ1st 
partial pr 
Negative control of 
pHR/EJ 3.2 
 































































































partial pac  
 
    
pCVmpf
7760 bp
SV40
SV40 polyA
SV40 polyA
CMV promoter
CMV promoter
Kana/neo
pf2
mitf-m
 
 
 
 
 
 88 
